Abstract-A novel wind speed and direction sensor designed for the atmosphere of Mars is described. It is based on a spherical shell divided into four triangular sectors according to the central projection of tetrahedron onto the surface of the unit sphere. Each sector is individually controlled to be heated above the ambient temperature independently of the wind velocity and incidence angle. A convection heat rate model of four hot spherical triangles under forced wind has been built with finite element method thermal-fluidic simulations. The angular sensitivity of the tetrahedral sphere structure has been theoretically determined and compared with the tessellation of the sphere by four biangles. A 9-mm-diameter prototype has been assembled using 3-D printing of the spherical shell housing in the interior commercial platinum resistors connected to an extension of a custom design printed board. Measurements in Martianlike atmosphere demonstrate sensor responsiveness to the flow in the velocity range 1-13 m/s at 10-mBar CO 2 pressure. Numerical modelization of the sensor behavior allows to devise an inverse algorithm to retrieve the wind direction data from the raw measurements of the power delivered to each spherical sector. The functionality of the inverse algorithm is also demonstrated.
I. INTRODUCTION
T HE measurement of wind direction and speed at the surface of Mars has attracted much attention, especially since the rover Curiosity has landed in the crater Gale on the surface of Red Planet in August 8 th 2012. On board of the planetary vehicle/robot was a meteorological station REMS (Remote Environmental Monitoring Station) including several sensors, among them a wind sensor, that has been able since then to send meteorological data to the Earth. The atmosphere of planet Mars is mainly composed of carbon dioxide, has typically a pressure in the range of 6mBar to 12mBar and a temperature ranging from 150K to 300K [1] . Among the several available methods to measure wind speed and direction, the most adequate for this application is based in thermal anemometry. Such low pressures of the atmosphere do not allow proper operation of sensors based on dynamic pressure, as they cannot work in the range of 0.01Pa to 1Pa, that are the expected pressures at a wind speed of 1m/s to 60m/s [2] . Ultrasound based sensors require higher power and do not work at pressure smaller than 15mBar [3] . Till now the sensors based on laser and Doppler's effect have not yet been sufficiently miniaturized for this application [4] , and they need a permanent presence of tracer particles to operate. The heritage of thermal wind sensors for Mars is quite substantial as Viking in 1976 incorporated the first that was able to measure wind in the surface of planet Mars [5] - [7] based on thin small cylinders covered by platinum resistors; Pathfinder in 1997 included a cylindrical thermal wind sensor [8] - [11] with heated platinum-iridium wires and MSL rover Curiosity included two booms having silicon chips heated by platinum resistors [12] - [14] .
Viking sent wind data for two years while Pathfinder was able to send wind direction data only. Up to date REMS still is operational, although news came after Curiosity rover touched down the Martian ground after 253 days of space cruise, that some of the measurement chips of the two booms were damaged [15] . This has degraded performance of the wind parameters retrieval and thus a limited set of measurements are currently being sent to the Earth. Nevertheless, whirlwinds have been detected [16] . The challenge is difficult as power and mass restrictions are accompanied by the requirements of sufficient interaction with the wind and the need to protect the sensors. The spherical sensor reported here was developed as a UPC (Universitat Politècnica de Catalunya) as contribution to the project MEIGA (Mars Environmental Instrumentation for Ground and Atmosphere) [17] . Actually, the spherical wind sensor described in this paper is a heritage of the REMS Curiosity wind sensor. This is so because the concept is entirely the same as it consists on the heating of resistors above the ambient temperature. In the case of Curiosity the resistors were placed on top of silicon chips and supported by pedestals above the PCB and wire bonded. The number of heated silicon chips in REMS was 4 for every 2-D PCB and they were three of those PCB's in the boom. Moreover, there were two booms to overcome the shadow of the camera mast. The spherical wind sensor here have several advantages, being though a direct heritage of REMS: (a) it benefits from the spherical shape of the shell that ensures an axisymmetric and laminar flow around it at the Reynolds numbers expected, (b) To resolve for 3-D wind direction we only need four spherical sectors (and just four resistors) instead of three full PCB's with four resistors each, (c) all resistors are placed inside the spherical shell and hence inherently protected and not vulnerable to wire bonding incidental break-out, (d) the characteristic length of the supporting arm is few times less than the characteristic length of the sensor whereas in REMS the boom size was several times larger than the size of the chip, (e) it benefits from the fact that the whole shell is an active part in contact with the wind flow, (f) the addition of the core resistors allows to minimize the conduction thermal losses from the shell to the supporting structure. Working with only one temperature (T hot ) together with the geometry isotropy significantly simplifies thermal modelling and reverse algorithm. The purpose of this paper is to describe the idea and first measurements of a spherical miniature wind sensor based also in thermal anemometry that was preliminarily introduced in reference [18] .
II. SPHERICAL WIND SENSOR CONCEPT Thermal anemometry wind sensing requires to thermally interact with the environment in such a way that heat is transferred by convection. Convection heat transfer coefficient depends on the dimensionless Reynolds and Prandtl numbers. As the Reynolds number depends on wind speed-pressure product, a measure of the heat transfer coefficient provides a measure of the wind speed. In order to measure the heat transfer coefficient h the thermal conductance to the environment must be monitored
where Gth is the thermal conductance and A is the surface coupled to the wind flow.
At the same time, the thermal conductance Gth to the environment can be simply calculated from
where Pw is the power delivered to a hot point setting an overheat temperature T above the environment.
Thermal flow sensors have been investigated extensively for a long time. Many of the 2-D thermal flow sensors concept have been realized [19] - [22] . However to our knowledge the 3-D anemometers are built using multiple 2-D anemometers [23] . In three dimensions the wind direction can be measured by placing several 2-D wind sensors in different planes and using an inverse algorithm to retrieve the wind direction from the values of the thermal conductances, as it is the case in the REMS wind sensor [14] . This algorithm can be awkward depending on the specific geometry of the sensor and may not be equally sensitive to all angles. In this case, the spherical geometry simplifies the problem and is intrinsically 3-D.
Spherical geometry has many advantages that come from the inherent isotropy. Considering a solid sphere subject to a wind flow, the heat convection coefficient will be independent on the wind direction. Furthermore, the sphere can be splitted into several spherical sectors that can be independently controlled. The sectors that are more exposed to the wind will lose heat more than the others and hence a measurement of the difference between sectors will provide the wind direction. The wind magnitude will be given by the heat transfer coefficient of all sectors together.
Let us first consider an sphere as shown in Fig. 1 where a COMSOL simulation of the value of the local convection heat flux q in units of [W/m 2 ] is shown at any point identified by angles , . This is for the surface of the sphere considering that the flow is impinging the sphere by the uppermost point located at = 0°and = 0°.
In Fig. 1 the diameter of the sphere is 9mm, the ambient pressure is 600Pa, the wind temperature is 220K, the speed of the wind is 5m/s and the temperature of the hot sphere is 240K, 20K above the wind temperature. As can be observed from Fig. 1 , there is revolution symmetry around the Z-axis and in the most exposed parts to the wind is where the power delivered is greater to maintain the overheat at any point at the same value. This is clearly seen in Fig. 2 where the local heat flux q is plotted as a function of angle for any value of angle .
Comprehensive details of how the multi-physics simulations were performed will be addressed separately in Physical model of spherical shell division based on tetrahedron geometry into separated from each other four triangular sectors. Sectors: #1, #3, #4 can be seen from the picture, whereas sector #2 is in the rear of the plot. Sectors orientation according to the Cartesian coordinate system are presented as well as theoretical wind incidence point (represented by black dot) described with polar angles and .
a forthcoming publication. These simulation results are compared to the thermal conductance values calculated from empirical approximation of Nusselt number proposed by Feng and Michaelides [24] , as shown in Fig. 3 . The thermal conductance of the sphere is independent of the wind direction due to the symmetry. Let us now describe how the wind direction can also be measured using as baseline the spherical geometry just described. This is achieved by breaking the sphere surface into spherical sectors physically separated as depicted in Fig. 4 where an example of four independent sectors is shown.
In this work, four sectors were used to solve for the two angles of the wind direction ( , ), extending the results we had using just two hemispherical sectors that allow only to solve for one angle as reported in [18] . We have considered Percentage of the total sphere convection heat rate transferred to the ambient by the triangular sector #1 as function of wind direction angles ( , ). Values produced from the simulation data presented in Fig. 2 according to the sector #1 orientation shown in Fig. 4 . not using more than four sectors for practical fabrication issues and because the angle sensitivity achieved with four sectors -as will be shown below -is currently above the typical requirements in Mars missions. The four sectors geometry shown in Fig. 4 are spherical triangles having the centers located at points with coordinates for sector #1 at ( = 54.74°a nd = 90°), for sector #2 at ( = 125.56°and = 180°), for sector #3 at ( = 54.74°and = 270°) and for sector #4 at ( = 125.56°and = 360°). This particular geometry was obtained by expansion of an exploded tetrahedron over a spherical shell.
The local heat flux integrated along the surface of each sector gives the convection heat rateQ i
where q is a local heat flux along the surface A of the sector i . The total heat rate for whole sphereQ sph is given bẏ
The percentage heat share p i which corresponds to a given sector i is
The values of p i are shown in Fig. 5 where the convection heat rate of sector #1 is plotted in percentage of the global heat rate of the whole sphere as a function of the direction angles of the wind vector ( , ).
As can be seen, the maximum percentage of the heat rate value is 37.84% of the total sphere and it is achieved when the wind comes from the direction ( = 54.74°and = 90°) -directly into the center of the sector #1 -and has a minimum of 12.15% when the wind comes from the direction ( = 125.26°and = 270°) -the opposite direction to the sector's central point where the other three sectors: #2, #3, #4 join together. The plot shown in Fig. 5 for sector #1 is numerically the same for the other three sectors provided a proper shift in the axes for the angles and is performed. They are not plotted here for simplicity. Now let's consider a case when we deal with a wind within horizontal plane, where = 90°, and full rotation along angle is considered. In that case data for sector #1 can be easily extracted from Fig. 5 . This has been done also for the other three sectors and the results are shown in Fig. 6 . The curves resemble shifted sinusoidal functions.
The algorithm to resolve the wind direction from the measurement of the thermal conductances of the four sectors is described in Fig. 7 , where an example is illustrated for wind direction: = 82°, = 99°. In this figure the superposition of the plots of percentage of the heat rate of the four sectors is shown. As can be seen, there is only a point where all four plots intersect. The coordinates of this point provides the value of the angles of the wind direction and corresponds to a power split among the four sectors as follows: 36.21% goes to sector #1, 25.52% goes to sector #2, 15.97% goes to sector #3 and 22.29% goes to sector #4.
In order to find out theoretically the sensor sensitivity to the change of incidence angle we have performed the numerical calculation of the angle derivatives of the convection heat rate for the four sectors that allows to calculate angle sensitivities,
where
are the norms of the heat vectors derivative given by,
The angular sensitivities are shown in Fig. 8 . The curves have been plotted for = 90°and for values of ranging from 0°to 90°which covers the entire rotation due to the symmetry. The results show that both sensitivities S and S are very similar and very homogeneous for all rotation angles. In this example a 1°change in the wind direction angle results in relocation of 0.25% of total heat rate delivered to the whole sphere among the sectors, whereas the total heat rate remains constant. This is compared in the same figure with similar calculations for an sphere classical biangular division into four equal sectors. As can be seen in this case, the sensitivity is larger for angle and not homogenous but at the same time sensitivity for is very small. Those results motivated our decision to work with four sectors divided into triangular sectors as shown in Fig. 4 . Fig. 9 shows the value of the minimum sensitivity S min , defined as the smallest of S and S , as a function of the wind speed for few ambient temperatures. Sensitivity of 0.2% and higher for the velocity in the range 3-20m/s are found, whereas it decreases for lower wind speed values. 
III. SPHERICAL WIND SENSOR FABRICATION
The fabrication of the wind sensor prototype includes the fabrication of the shell, the printed circuit board design, the integration and assembly of the pieces along with the platinum resistors. This is schematically drawn in Fig. 10 . The spherical sectors are shown in Fig. 10(a) where software models of the outer and inner faces of the shell are depicted as well as a 3-D picture of the assembly of the four sectors Fig. 10(d) . All four sectors are interchangeable with each other and are modified spherical triangles to allow the PCB to pass inside. As can be seen, the inner face of the shell includes protrusions to accommodate the platinum resistor and to hold the PCB. The part of the PCB that passes inside the shell is shown in Fig. 10(b) , where the copper layout is clearly seen and also the bonding PAD's. The connection between the PAD's and the main frame of the PCB is serpentine shaped to increase the thermal resistance of this path. Moreover, there are also shown the connecting PAD's of a core resistor that is placed on the PCB itself and that has the function to keep the temperature of the PCB at the same temperature as the spherical shell. The printed circuit board was designed in a complementary way that once rotated 180 degree become compatible with a second PCB and creates the structure to give mechanical support and electrical wiring for the four sectors, as shown in Fig. 10(c) . The PCB arm-tie has a section of 1.6mm which is much smaller compared to the characteristic length of the sphere itself (9mm in diameter). That was to provide laminar flow around the arm that would not interact largely with the measurement planes.
These specific design solution was selected on purpose to, on the one hand, separate thermally each sector from the others to avoid heat cross effects and, on the other hand, to suppress the heat conduction losses defined bẏ
where T i is the hot point temperature of #i sector, T PC B is the temperature of the central core region of the PCB and Rth is a thermal resistance of the path from the sector to the PCB support.
The heat conduction thermal lossesQ cond are canceled when T i and T PC B have the same value (T hot ). More details are given elsewhere [18] .
For the shell fabrication, a stereo-lithography 3-D printing process of silver 92.5% and copper 7.5% in weight, was chosen. This material provides a very high thermal conductivity and allows to achieve an homogeneous temperature distribution. The thickness of the shell is 0.5mm and the separation between sectors is also 0.5mm. Once the sectors were manufactured they were polished by using a tumbler with plastic pellets progressively going from rough to smooth until mirror finish was achieved. After that, a 100nm thin gold layer was sputtered on the outside. The process steps can be seen in Fig. 11 from manufactured (a) to polished (b) and finished (c). The gold coating and the polish process are meant to reduce radiation heat losses by lowering the surface emissivity factor as much as possible [25] .
In order to control hot point temperature a thermistor whose resistance depends on temperature has been used as it also can be used as a heating resistor. Any thermistor A picture of the prototype assembled is shown in Fig. 12 where the outer face of the spherical sensors and the PCB passing trough the inside volume can be seen. The six platinum resistors, one per each sector, and two for the PCB are hidden inside.
IV. WIND SPEED AND DIRECTION MEASUREMENTS
A substantial set of measurements were performed in the University of Aarhus Mars wind tunnel facility AWTSI, were low pressure and low temperature can be independently set [26] . The measurement conditions are described in Table I .
Temperature and pressure has been set at the begging of each experiment. Minor drifts, though, have been observed during the experiment. In the case of the temperature, the fluctuation is below ±1°C Regarding pressure, a small vacuum leak generates a progressive drift (for the duration of the experiment) of 2mBar.
Every hot element works at constant temperature (CTA: constant temperature anemometry). Thermal control circuit implements a constant temperature operation mode using a constant voltage feedback loop [27] . Hence, the temperature of the hot elements in closed loop is independent of ambient temperature. As wind sensor belongs to meteorological station the air temperature is monitored independently and its value is used to infere the value of the thermal conductance to the ambient. Additionally, since there are large temperature swings in Mars atmosphere, a second control loop adapts the value of the overheat temperature over the air temperature ensuring a sufficient difference.
The sensor head was placed inside the chamber and could be rotated in a horizontal plane for 90 degrees, see Fig.15 . The typical set of measurements performed, was for wind speed changing every 200s. For each wind speed the rotation angle was varied from 45°to 135 • with intermediate values: 75°, 90°, 105°an then back to 45°before flow velocity was changed. Each measurement sequence for wind velocity and angle variation has been performed considering two overheat conditions for hot element: 25°C and 40°C. System can work either with a low o high overheat. Nevertheless, by having a higher overheat the convection heat flow is also higher as it depends linearly with the overheat temperature. What is more, by providing higher overheat value CTA system is less affected by ambient temperature variation on Mars and by the temperature fluctuation that happened inside measurement chamber during the tests.
An example set of measurement for CO 2 at P ≈ 10mbar and T amb ≈ −18°C and overheat T = 40°C is shown in Fig. 13 , where values of the average power for each sector calculated during the corresponding slot of velocity and flow direction are plotted. Fig. 13(a) shows for each velocity the raw data of the power delivered to each sector as a function of the angle from 45°t o 135°. As can be seen, the sensor has sufficient sensitivity to the incidence angle of the wind as the four different sectors require different amount of power to keep the same overheat temperature above the ambient.
Precisely, this difference is what is used to calculate the value of the incidence angle of the wind thereby providing direction sensitivity. This is clearly seen for the plot Fig. 13(b) or the same wind velocity U = 7m/s and consecutive wind angles: 45°, 75°, 90°, 105°, 135°and back to 45°, whereas as predicted buy the isotropy of the sphere the sum of the sector's power is independent of the wind incidence angle thereby providing with the wind speed value.
For each velocity the measurement starts and finishes with the same wind direction angle 45°so it could be expected that the power readout for the same angle would be the same. However, in Fig. 13(b) it can be seen that the power for all sectors increases around 2%. We attribute this change to the 4% rise in the P·U product as the chamber pressure changed during experiment from 11.3mBar to 11.8mBar. Fig. 14 shows the measured data (filtered from the raw data) of the power delivered to every spherical sector as a function of the angle of incidence and of the magnitude of wind speed.
As the experimental set up did not allow to change the angle , which was fixed to 90°, the angle that we changed was from 45°to 135°. We were satisfied with this range since the tetrahedral division of the sphere shows symmetry in the power readout every 90°as can be seen in Fig. 6 .
Results obtained for the sector #2 are shown in Fig. 14(b) . This sector has an orientation relative to the tunnel axis as shown in the inset. This is a polar plot where the radius is the value of the power. Each line corresponds to different wind speeds and the data points corresponds to the various angles explored. For example, sector #2, under wind speed of 13m/s from direction = 90°and = 45°, required a power of 23mW to keep an overheat temperature of 40°C above the ambient. As can be seen, due to the position of this particular sector in the sphere shell, the power required increases as the angle increases. Similar information is shown for the other three sectors in figures Fig. 14(a) , (c) and (d). This plot provide an interesting overview of the sensor behavior especially if we look at the pair of sectors with opposite location around the PCB. From pair of sectors #1 and #3 we see that when the wind blows into sector #1 it requires maximum power, whereas the opposite sector #3 demands minimum power. On the other pair of the sectors #2 and #4 we can observe that when the wind incidence angle is changing toward the center of the sector #2 its power increases whilst the same angular change results in changing wind incidence angle away from the sector #4 its power decreases. What also stands out from Fig. 14 is that power plots for different velocities but for the same angles do not cross each other.
In Fig. 16 the value of the sum of the power delivered to the four sectors is plotted as a function of time for constant wind direction angle = 45°and = 45°. The wind speed corresponding to every time slot is also shown. As can be see, velocities of wind ranging from 1m/s up to 13m/s were produced at the ambient pressure of about 10mBar and at local CO 2 temperature of −18°C. A custom acquisition Fig. 13 , whereas FEM curve (for average sector power) was added from multi-physic numerical simulation for the same ambient parameters. P Avg. = (P 1 + P 2 + P 3 + P 4 )/4 = P Sph /4. board that maintains the target temperature in each sector has been developed and used for the measurement. Details of the electronic circuit used and the measurement strategy will be reported separately.
The raw data shown in Fig. 16 demonstrate sensitivity to the wind speed and sufficient stability of the measurement taking into account that the ambient temperature and pressure were set at the beginning of each experiment, and some temperature and pressure drifts were recorded during measurements. As the wind velocity grows, increase in the global sphere power demand was registered. Fig. 17 is an example of power demand for a particular sphere orientation relative to the wind direction = 90°a nd = 45°. The mean power delivered to each sector of the sphere is plotted against the wind velocity value as well as average sector power for all sectors. In the same figure numerical simulation results obtained by Finite Element Method (FEM) were added. This multiphysics simulation was performed using COMSOL for the same ambient conditions as inside the wind tunnel chamber during the experiment. What stands out from this figure is that the power convection curve from simulation is in good agreement with experimental data obtained in measurements. Another interesting thing observed in Fig. 17 is that for all wind speeds the power drained by sectors #1 and #4 is similar and much higher than power delivered to the pair of sectors #2 and #3 (also quite the same) and this is what has been predicted for a wind direction within horizontal plane for angle = 45°in Fig. 6 .
The algorithm to find out the wind direction from the measurement of the power of the four sectors is graphically illustrated in Fig. 18 . The same algorithm has been applied for data interval from 3800s to 4000s from the measurement set shown in Fig. 13(b) . Thus, percentage share of the power which corresponds to each sector has been calculated and shown in Table II .
As we took the data values for the four sectors corresponding to an experimental incidence angle set for: = 90°and = 45°and wind velocity U = 7m/s, we performed numer- Fig. 18 . Wind incidence angle discrimination from real measurement of the power delivered to four triangular sectors. Iso-percentage curves were superposed in order appoint cross section zone. Final wind incidence angle point ( , ) was determined by minimizing en error function. Fig. 7 for every incidence angle. To verify that we can use an algorithm to retrieve the incidence angle from the measurements we have taken the values of percentage power share: p 1 , p 2 , p 3 , and p 4 from Table II , then have plotted iso-power plots for every combination of the incidence angles. In consequence, we have obtained the four plots shown in bold line in Fig. 18 . As it can be seen, there is not a single intersection point for all curves as theoretically predicted in the example shown in Fig. 7 , but several intersection points for each pair of curves that are close to each other. This can be associated to different issues. Of course, fabrication and assembly tolerances may lead to non-totally ideal geometry. Moreover, the theoretical algorithm does not contemplate the protruding arm-tie, end even if the wind pass smoothly the arm-tie without as much disturbance (dipper laminar flow than for the sphere due to down-scaled its characteristic size) it may gently affect local heat flux. This is something requiring further investigation. There could also be minor temperature gradients within the shell although they are very small due to the high thermal conductivity of the silver shell (430W/mK). The predicted temperature non-uniformity is below a 0.2%. Another reason may be that the experimental conditions may have drifted from the initial settings in the experimental chamber. Some radiation losses, although very low and not considered in this simplified heat model, may have been produced some power offset. Finally, measurement errors due to long wiring set-up could sum in wind angle discrimination plot.
Therefore, in order to get the angle of incidence of the wind more precisely, we calculated the value of the mean square error between the measured values and all possible obtained from ideal FEM simulations as follows,
where p m is the vector of the percentage value of the heat rate for the measurement at unknown 3-D wind angle,
and p s is the vector of the percentage value of the heat rate from the FEM simulation calculated for all possible incidence angles ( . ),
By resolving eq. (9) we obtain the coordinates (ˆ ,ˆ ), which give the minimum of the function declared in this equation -that is our wind incidence angle. This error function is superimposed in the same Fig. 18 and the minimum error is found to be for angle:
= 89°and = 38°, within an error of 7 degrees of the experimental wind direction. At that point, it is important to mention that although experiments were limited to the wind rotation angle within the horizontal plane, the wind angle retrieval algorithm was performed for full 3-D space.
So far we have not done any experiments on the sand blowing effect on the sensor performance. However, in the same tunnel we did such experiments with the REMS sensor and not observed any deviation. The fact that this spherical sensor is more robust makes us believe that similar behavior will be observed.
V. CONCLUSIONS
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